Local and turnover patterns of fish diversity in the Itaipu Reservoir were evaluated and related to a longitudinal or river-dam gradient (composed of riverine, transitional, and lacustrine zones) and to transversal or upstream-downstream gradients of the tributaries (composed of lotic and lentic stretches of tributaries and reservoir shores). Thirteen stations were sampled quarterly during 2 years. A total of 85 fish species were caught. Local (α) and turnover (β) patterns of fish diversity showed significant differences in reservoir spatial gradients. Along the longitudinal gradient, total and α-diversity were the highest in the riverine and transitional zones of the reservoir and lowest in the lacustrine zone. Along the transversal gradient, total and α-diversity increased from the lotic stretches of the tributaries to the reservoir shores. The lotic and lentic stretches of the tributaries presented the highest β-diversity values, indicating heterogeneity in species compositions among the sub-basins. We conclude with recommendations for reservoir management based on the results of this study.
INTRODUCTION
Reservoirs present a good opportunity for studying the effect of scale on the relative importance of factors that determine diversity. On a broad scale, reservoirs are recent and their communities are a combination of species from the former riverine fish fauna as well as introduced species (Fernando & Holcík, 1991; Oliveira & Goulart, 2000) . On a regional scale, reservoirs present longitudinal gradients (river-dam) and transversal gradients (upstreamdownstream of tributaries).
Longitudinal gradients fall along the main reservoir axis due to changes in basin geomorphology and hydrology and, consequently, in physical, chemical, and biological variables. Along such gradients, fish assemblages may vary widely in composition (Matthews et al., 1989) . This gradients may be divided in three zones: riverine, transitional, and lacustrine (Thornton, 1990) . The transitional zone is an ecotone between the river upstream and the lacustrine zone of the reservoir downstream. In this ecotone, we expect to find the highest biodiversity, due to the higher availability of microhabitats usable by both lacustrine and riverine species.
Transversal gradients which appear in the secondary axis of a reservoir result from the hydrodynamic and physiographic characteristics of the tributary-reservoir transition. These are the upstreamdownstream gradients in tributaries in which three zones may also be characterized: the lotic and lentic stretches of the tributaries and the reservoir shores. The lotic stretch is the portion of the tributary that still retains its riverine characteristics. The lentic stretch, in which the highest fish species diversity is expected and which also constitutes an ecotone, occurs when tributary waters are blocked or slowed down by reservoir waters. The last zone is along the shores of the reservoir itself.
Reservoirs in tropical and subtropical regions have been studied extensively since dam completion (Arcifa & Meschiatti, 1993; Agostinho et al., 1994; Agostinho et al., 1997a; Carvalho et al., 1998) . The early years of a new reservoir are marked by high variability in population abundance and patchy distribution of fish due to colonization and adjustment to the new conditions. Studies performed after this period, when populations tend to have stabilized in the new environment, are needed for a full understanding of assemblage structure.
In this study, we analyzed the patterns of fish assemblage diversity as a response to a factorial observational experiment fifteen years after impoundment of the Itaipu Reservoir. Two main factors (longitudinal and transversal gradients) and their interactions were studied. We predicted that, on a regional scale (between-zones), local (α) and turnover (β) diversity would attain the highest values in the transitional zone of the longitudinal gradient and in lentic stretches of tributaries of the transversal gradient because both are ecotones providing a habitat for both riverine and lacustrine species. Also, we predicted that the lacustrine zone of the longitudinal gradient would show the lowest diversity, since this habitat presents conditions least like the original ones. We computed total, local (α), and turnover (β) diversity using several richness indices along longitudinal and transversal gradients of Itaipu Reservoir.
MATERIALS AND METHODS

Study area
Itaipu (Fig. 1 ). The Paraná River basin drains about 820,000 km 2 . In the impounded area, the Paraná River flows through a narrow tectonic fault, with walls of more than 100 m in height (Maack, 1981) and an average width of 200 m (Andrade, 1941) . The Itaipu Reservoir is 151 km long (or 170 km at maximum water level), with surface area of 1,350 km 2 at the average operating level of the dam (220 m). The water level in the reservoir has an annual range of 0.6 m. Average depth is 22 m and average water volume is 29 x 10 9 m 3 . Average hydraulic retention is 40 days and water speed in the central area may reach 0.6 m/s (Andrade et al., 1988) .
Sampling
Sampling was conducted quarterly at 13 stations on the Brazilian side of the reservoir (eastern margin, Fig. 1 ), from March to December 1997 and from June to December 1998. We used sets of gill nets (2-to-16 cm mesh) and trammel nets (6-to-8 cm mesh) with 20 m in length on the shores of the v reservoir and 10 m in the tributaries. Fishing gear was set for 24-hour periods, checked at early morning, dusk, and late evening. Species were identified according to CETESB (1981) and Britski et al. (1999) , and for the loricarids (armored catfishes), according to Zawadzki (2001) . The response variables used in the analysis were species relative abundances indexed as catch per unit of effort (CPUE) standardized to number of individuals per 1,000 m 2 of nets per 24 hours. 
Longitudinal and transversal gradients
The effects of longitudinal (river-dam) and transversal (upstream-downstream of tributaries) gradients and their interactions on fish assemblage structure were studied. The longitudinal gradient was sectioned into riverine, transitional, and lacustrine zones, according to Thornton (1990) . The riverine zone is a typical lotic environment, with intense flow and high nutrient availability levels. The transitional zone has relatively higher light penetration, primary productivity, and fish density than the other zones. The lacustrine zone, close to the dam, presents long water permanence and low dissolved nutrient concentrations (see Pagioro, 1999 , for detailed description of the limnological gradient in Itaipu Reservoir). The transversal gradient was sectioned into lotic and lentic stretches of tributaries and reservoir shores. The lotic stretches present the highest water speed with alternation of rapids and pools. The lentic stretches have large pool areas formed when the tributary waters reach the reservoir and are slowed down. The reservoir shores present slow water speed and are colonized by aquatic plants such as the submerged Egeria najas and Chara spp. and the floating Eichhornia crassipes and Salvinia auriculata . This zone is affected by dam operations due to water level variations.
Data analysis
We used rarefaction curves to estimate species richness in each location based on the number of species actually sampled. Rarefaction (R) was based on the equation (Hurlbert, 1971 ):
in which N is the total number of individuals, S is the total number of species, m i is the number of individuals of species i, and n is the number of individuals in the subsample. We compared the rarefaction curves with species accumulation curves (cumulative number of species richness as a function of cumulative number of samples). The further the rarefaction curve lies above the accumulation curve, the more heterogeneous is the sample (Colwell, 1997) . Estimate of total richness (collected and noncollected species) of fish assemblages in each zone was done by an incidence-based coverage estimator (ICE). The ICE was based on the equation (Lee & Chao, 1994) : ICE = S freq. + S rare /C ice + Q i /C ice . γ ice 2 , in which S freq. = number of frequent species (each found in more than 10 samples), S rare = number of rare species (each found in 10 or fewer samples), C ice = sample incidence coverage estimator, Q i = number of species that occur in exactly i samples; and γ ice 2 = estimated coefficient of variation of the Q i 's for rare species. We used EstimateS v.5.0 to compute rarefaction and species accumulation curves and ICE (Colwell, 1997) .
Alpha diversity was assessed using some assemblage attributes such as species richness (S), Shannon-Wiener diversity index (H'), and equitability (E). Species richness was defined as the number of species caught at a sampling station on each sampling date. The Shannon-Wiener diversity index (H') was estimated using the equation: H' = -Σ (n i /N) * log(n i / N), in which n i = relative abundance (CPUE) of species i and N = relative abundance for all species. Equitability in the distribution of individuals captured among species was based on the equation E = H'/ logS. Alpha diversity variables were computed using PC-ORD v. 3.2 (McCune & Mefford, 1997) . A Model I factorial analysis of variance (fixed factors, Zar, 1999) was employed as an exploratory analysis to assess whether the variability of α-diversity (S, E, and H') was affected by longitudinal and transversal gradients, sampling month, and their interactions. Tests of interactions are important because they provide information about the degree of dependence of the effect of one factor on the effects of others.
Beta diversity indices were applied to quantify turnover in species composition along longitudinal and transversal gradients (Wilson & Shmida, 1984; Blackburn & Gaston, 1996) . Two spatial scales were studied: one, within each zone and the other, among the zones of each gradient. Two indices were used: (Harrison et al., 1992) . For the within-zone analysis, we used S R = total richness in each zone, α mean = mean richness of stations within each zone, α max = maximum richness of stations within each zone, and N = number of stations in each zone. For between-zones analysis was used differentiation between pairs of stations of all the zones along spatial gradients, with S R = total number of species in the pair, α mean = mean richness in the two stations, α max = maximum richness among stations, and N = number of stations.
While β 1 is a direct comparison among stations of each zone of the spatial gradients, β 2 measures the value by which regional diversity exceeds maximum diversity of each station. β 1 and β 2 converge closely when variation in α-diversity is small.
The Mantel test (Fortin & Gurevitch, 1993 ) was employed to assess the null hypothesis that β-diversity patterns are random and, therefore, not affected by spatial gradients. The Mantel test is a correlation matrix between the matrix of pairwise β-diversity indices and a model matrix, with value 0 for pairs of sampling stations in the same zone, and value 1 in different zones for either the longitudinal or the transversal gradient. Significance was assessed by comparing the actual value with a set of values generated using 20,000 permutations of the β-diversity matrix. The computations were performed using NTSYS-pc v.1.8 (Rohlf, 1994) .
RESULTS
A total of 8,675 individuals belonging to 24 families and 85 species were caught in the overall sampling (Table 1) . Along the longitudinal gradient, the transitional zone presented the highest number of species (ICE = 82 species, Fig. 2) , and the lacustrine zone presented the lowest (ICE = 61). Along the transversal gradient, the reservoir shores presented the highest number of species (ICE = 78 species) and the lotic stretch of the tributaries presented the lowest (ICE = 65). The lacustrine zone of the longitudinal gradient and the reservoir shores of the transversal gradient were the two zones with the smallest differences between species accumulation and rarefaction curves (Fig. 2) .
The longitudinal and transversal gradients had significant but independent effects on α-diversity (species richness and H', Table 2), as indicated by the non-significant interaction between them. The temporal effect was also significant as well as the interaction between transversal gradient and time, i.e., α-diversity differences among the zones of the transversal gradient depended on the sampling period. The highest effect was that of the transversal gradient (F for richness = 134.13, F for H' = 67.93; Table 2 ). Neither the main factors nor their interactions had significant effects on equitability estimates (E, Table 2 ).
Along the longitudinal gradient, the riverine and transitional zones had the highest average richness and diversity index (Figs. 3a and 3c) . Independently of the zone of the longitudinal gradient, the reservoir shores of the transversal gradient had throughout the year a greater richness and diversity index than that of the tributaries (Figs.  3a and 3c ). In general, the highest richness and diversity indices were recorded during the summer (December and March), and the lowest during the winter (June). Reduction in richness and diversity index during the winter may be related to changes in gear efficiency. We used passive gear that depends on fish activity and since at low winter temperatures fish are not as active as in the summer due to reduced metabolism, they are, therefore, less vulnerable. Equitability showed no significant variability, and thus α-diversity changes (measured by the H' Shannon-Wiener diversity) resulted from richness changes (Fig. 3b) .
In the within-zone assessment of the β-diversity (i.e., one value computed for indexing in each zone), we observed that along the longitudinal gradient the two indices were slightly higher for the riverine and lacustrine zones than for the transitional zone (Fig. 4) . Along the transversal gradient, the lotic and lentic stretches of tributaries presented higher β-diversity indices (both β 1 and β 2 , Fig. 4 ) than the reservoir shores, revealing a homogenization effect of the reservoir and the highest turnover in species of the lotic and lentic stretches of tributaries.
For between-zones β-diversity assessment, we computed both β 1 and β 2 , for each pair of stations from both within and between zones of either the longitudinal or the transversal gradient. There was a positive correlation between β-diversity matrices and that of the longitudinal gradient (Mantel test; β 1 : r = 0.19, p = 0.05; β 2 : r = 0.22, p = 0.03), indicating significant differences in the species composition pattern among the gradient zones. For the transversal gradient, the correlation matrix was only significant for β 1 (r = 0.32, p = 0.01), while for there was no significant correlation (r = 0.062, p = 0.32). 
DISCUSSION
Total, regional, and local diversity varied with spatial gradients. Along the longitudinal gradient, local (α) total diversity presented a peak in the transitional zone, followed closely by the riverine zone. The transitional zone of Itaipu Reservoir is commonly characterized by a high abundance of submerged and floating macrophytes in the margin areas. Nevertheless, these aquatic plants are restricted to shallow areas no deeper than two meters, near the mouths of the tributaries . Aquatic plants are important habitats for fish because they increase spatial heterogeneity and feeding resource availability . For example, the São Francisco Verdadeiro and São Francisco Falso rivers are large tributaries having their mouths in this zone, and foraging potential in the lotic and lentic stretches of such tributaries may be sufficient to support more biomass and diversity than is the case in other sites. Also, in this intermediate or ecotone environment, both lotic and lentic species may co-exist, using the habitat temporally; hence the species richness tends to increase. As is known, ecotones play an important role in fish diversity (Kolasa & Zalewski, 1995) and community structure (Willis & Magnuson, 2000) in aquatic ecosystems.
The riverine zone of the longitudinal gradient is directly influenced by Paraná River upstream, wich dictates the limnological characteristics along this gradient, e.g., part of the organic and suspended material carried to Itaipu Reservoir originates in this environment (Pagioro & Thomaz, 2002) and constitutes temporary habitats for initial life stages of some migratory species such as Prochilodus lineatus (Agostinho et al., 1993) , Salminus maxillosus, Pimelodus maculatus, Rhaphiodon vulpinus, and Leporinus obtusidens (Oliveira et al., 2001) . The riverine zone is the main habitat for several species that are adapted to the formerly pristine stream habitat. Those species may also spend some of their life cycle in both the transitional and lacustrine zones. Ultimately, the riverine zone accounts for the high number of species of the transitional and lacustrine zones and of the upstream floodplain (Agostinho et al., 1999) .
The lacustrine zone had the smallest richness and the highest homogeneity (smallest difference between the rarefaction and species accumulation curves) along the gradient. This pattern was similar to that formerly verified in Itaipu Reservoir (Benedito-Cecílio et al., 1997) as well as in other reservoirs of the Paraná River basin (Foz de Areia, Iguaçu River, Agostinho et al., 1997a; in Jurumirim, Paranapanema River, Carvalho et al., 1998 ; four reservoirs of the Grande and Paranaíba Rivers, Upper Paraná River basin, Santos, 1999) . The reduced richness of the lacustrine zone may be the result of local and historical processes. For example, sites in the lacustrine zone are highly affected by operational procedures of the hydroelectric plant and absence of natural lakes in the basin, in addition to which the Upper Paraná River lacked species adapted to lentic environments that could have colonized this zone (see Gomes & Miranda, 2001 ). The lacustrine zone is an environment that can severely restrict occupation by fishes, because of thermal and chemical stratification and decreased range of suitable microhabitats.
Along the transversal gradient, local (α) total diversity presented a true gradient with lower diversity in the lotic zone and higher diversity on the reservoir shores. Aquatic macrophytes and woody debris in the littoral areas of Itaipu Reservoir make it possible the colonization for a diversified associated fauna, especially crustaceans and insects, to colonize. These organisms increase fish diversity in the habitat, since they are potential food sources for a great number of species, such as characids (Astyanax altiparanae, Moenkhausia intermedia, and Roeboides paranensis), cichlids (Crenicichla britskii), and gymnotiforms (Gymnotus carapo and Eigenmannia trilineata) (Agostinho et al., 1997b) . Macrophytes are consumed by some species (for example, Schizodon borellii, S. nasutus, S. altoparanae, and Leporinus lacustris; Agostinho et al., 1997b) and constitute reproduction sites and refuge against predators. The lentic stretches of tributaries presented total richness similar to that of the reservoir shores, since this zone is an ecotone between the reservoir itself and the lotic stretches of the tributaries. Thus, they offer a wide range of exploitable microhabitats not only by species typical of lentic environments but also by those of lotic ones.
The highest heterogeneity (difference between rarefaction and accumulation curves) occurred in the lotic and lentic stretches of the tributaries. Decreased species richness in the reservoir towards the lotic stretches of the tributaries may be related to: flow regulation; reduction of aquatic vegetation, mainly floating macrophytes; changes in substratum type and to limnological conditions of this gradient (Oliveira, 2000) . The low diversity of tributaries may also be due to the relatively reduced area of these sub-basins.
Species turnover analysis is important because: (1) it shows the degree to which habitats have been partitioned by species; (2) β-diversity values may be used to compare habitat diversity between different systems; (3) α-and β-diversity measure total diversity, or the biotic heterogeneity of a specific area (Wilson & Shmida, 1984) . Sampling stations along longitudinal gradient presented similar β-diversity within each zone, with slightly higher values for the riverine and lacustrine zones. This indicates the same amount of species turnover within each longitudinal gradient zone. In contrast, between zones there is a significant turnover of species, as indicated by the results of the Mantel test. Longitudinal gradient is, therefore, a good β-diversity predictor in Itaipu Reservoir. If the same zone is repeatedly sampled, a higher probability exists of capturing the same species than when sampling in different zones. Such pattern denotes a longitudinal gradient in fish assemblage distribution in Itaipu Reservoir, i.e., the β-diversity pattern is not random in this gradient.
Along the transversal gradient, the sampling stations on the reservoir shores presented lower species composition turnover (i.e., higher similarity) than the sampling stations in the tributaries. This homogeneity in composition among the reservoir shore stations may result from higher connectivity between stations, since they are contiguous and the fish may swim more easily between them than between stations in the tributaries. In contrast, the sampling station within the lotic and lentic stretches of the tributaries presented the highest β-diversity, higher even than the values obtained along the longitudinal gradient. The highest species composition heterogeneity within the lotic and lentic stretches of the tributaries suggests that the different sub-basins of the tributaries present partially distinct fauna. For the between-zones comparison, the Mantel test was significant only for the β 1 index. The α-diversity for the transversal gradient zones had a wider variability than for the longitudinal gradient zones, so that may explain why significant changes in species composition were detected only by the β 1 index which, since it is estimated according to local mean richness (Harrison et al., 1992) , is more sensitive to α-diversity variations.
Higher species composition heterogeneity was found within transversal gradient zones rather than longitudinal ones. In the literature, longitudinal gradients have long been recognized as important in reservoirs (Thornton, 1990; Carvalho et al., 1998; Agostinho et al., 1999) . In this study, we showed that transversal gradients are more influential than longitudinal gradients; we suggest, therefore, that special attention should be given them in studies of ichthyofauna diversity in particular, and of aquatic fauna and flora in general.
As a result of this study of ichthyofauna diversity patterns along spatial gradients, we suggest the following reservoir management policy: (1) conservation of habitat quality in the floodplain upstream and reservoir tributaries to maintain high richness patterns in the riverine and transitional zones (longitudinal gradient) and in the reservoir shores and the lentic stretches of tributaries (transversal gradient); (2) increase of protected bank area and marginal vegetation restoration in the lacustrine zone (longitudinal gradient) and in the lotic stretches of tributaries (transversal gradient) in order to enhance habitat complexity and diversity and, consequently, species diversity in those zones that presented the lowest diversity; (3) maintenance of a constant reservoir operation level, with necessary variations introduced cautiously since these will mostly affect the littoral areas of the reservoir shores, i.e., the highest diversity zones; (4) adequate fishery activity management, taking into account the non-random spatial structure and fish diversity compartmentalization in the reservoir along the longitudinal and transversal gradients; and (5) maintenance of a monitoring program allowing the study of fish diversity pattern dynamics.
